We present an open-source Star Tracker (ST) for Attitude Determination. Our 
capabilities that this system might offer. We expect that this open sensor can facilitate the collaborative 48 work on it and accelerate the results in order to come with outstanding ST for future astronomy space 49 missions based on Cubesats.
50
The current work is structured as follow: In section 2 we describe the platform, which includes 51 hardware, software and the algorithm. In section 3 we describe the evaluation process of the platform 52 and the main results. In section 4 we discuss the results and the possible improvements to the 53 platform.
54

Platform Description
55
A ST is a sensor that pictures stars and compares the pattern of them with a star pattern in a 56 stellar catalog. Through this process it is possible to obtain the camera attitude, therefore also the 57 satellite attitude. The system requires a hardware platform, a software suite and an algorithm of how 58 to use hardware and software to arrive to an attitude estimation. 
Software and Hardware Description
60
In the development of this platform we worked with frequently used programs within the field 61 of astronomy. These programs were linked using Python software. The used software suits are:
62
Source Extractor: Program used to detect astronomical objects (e.g. stars, planets, galaxies, etc.) 63 in an image. In our work Source Extractor is used to detect stars, to calculate their position and 64 brightness magnitude. That is, it generates a list of sources (with their positions relative to the catalog has to be linearized by using a projection of tangent plane. This procedure is explained in 81 more details in subsection 2.2.1. The linear relationship between the two lists is represented with 6 82 coefficients (a, b, c, d, e, and f) . Thus, the relationship between the lists can be written as:
where the (x, y) pair represents an object (star) in the source list (image), and point (x , y )
84
represents same object but in the segment of the catalog list. With respect to the quality of the 85 relationship found, match delivers several statistical parameters. The most significant ones that
86
were used in our work are:
The standard deviation of differences between the matched pairs of items, in units of the 88 coordinate system B (B in this case refers to the system of the projected catalog).
89
Nr: The number of matched pairs of objects (stars) used to define the transformation between 90 lists.
91
Match can be downloaded for free from [17] . In this work we use version 0.14 of the program. In 92 addition, it is possible to find a user manual in the same website. The specific algorithm with which
93
Match operates is based on [18] . A good summary of algorithms used in Star Trackers applications
94
can be found at [19] .
95
For the hardware in this work we used the following components: 
118
When comparing the photo of the sky with the stellar catalog, it is necessary to match the geometry 119 of both systems. The star catalog is in spherical coordinates, while the photo is in a plane. In order to 120 relate both systems, it is necessary to project the stars that are on the sphere, in a plane tangent to this 121 at some specific point. Following [22] , this is achieved according to the equations:
Where A, D are the right ascension and declination of the projection point over the celestial 123 sphere, respectively, and α, δ the coordinates of the star, S, to be projected. Thus, η and ξ will be the 124 so called standard coordinates of the star S, in the projection plane. 
148
(c) The image is scaled from pixels to mm, in order to accurately represent the image that is 149 in the CMOS of the camera and to be able to use Match with the linear procedure. Figure   150 1 shows the list of objects found for one of the images taken during the evaluation of the 151 system, which willbe used as example during the algorith description. lowest σ is selected as the final match. In our tests it is usually achieved with 20 objects
160
(stars) or more and a σ ∼ 10 −2 . This is the output of the first stage of the algorithm.
161
Further iterations are performed to improve the accuracy of the matching procedure, which 162 ultimately gives the accuracy of the attitude estimation. The figure shows the differences (in pixels) between pairs of matched objects (photo objects with those in catalog) when the right match is found. The result of the first iteration (31 matched objects) is shown in red color and the third iteration (25 matched objects) is shown in blue color. Dispersion in the first iteration is clearly greater than that obtained in the third iteration. Table 3 . Pointing coordinates for the solution found for the example presented in Figure 1 , which agrees with the attitude of the camera (see Section 3).
209. 63 -52.45 -73.36 The process described above can be summarized in the flowchart shown in Figure 4 . 
Platform Evaluation
186
ST is one of the most accurate optical attitude determination devices. experimental setup with which the pictures of the sky were taken is shown in Figure 5 . 4. To study the feasibility of using within a Cubesat the proposed ST platform. of the picture will set the number of stars that will be detected on average. We set out to find the 210 minimum exposure time as to secure a sufficient number of matches in the sky catalog.
211
We photographed a region around Crux ranging for up to 2 seconds at intervals of 0.1 seconds.
212
The Camera was setup up to output 1024 x 1024 pixels, in order to deal with a square field of view, which is difficult to do for just one segment.
231
Therefore, we separated the catalog in a set of projections to be compared with every taken 
Configuration of Match parameters
249
Match is a powerful and flexible software which has many parameters that need to be defined in 250 order to properly operate in our algorithm. In this subsection we describe the main parameters used and the values given to them for our operation.
252
trirad: It is a parameter that defines when it is considered that the triangles formed between the 253 objects of each lists are a match. This parameter was left in its default value which is 0.002.
254
Modifications of this parameter produce no significant change in the estimation result unless its 255 value is increased sharply (greater than 0.015), where no matches were found. Table 3 Table 3 ). The declination value of the projected point in the catalog segment was moved from −61 The attitude estimation accuracy of the algorithm depends on how well the image matches with 274 the catalog segment. Therefore, a large overlap among catalog segments improves the accuracy. 
284
The processing time of any Star Tracker system is a relevant variable to assess its performance,
285
which settles the type of application or science that can be achieved with it. The processing time 286 depends on both the algorithm and the hardware. The software/algorithm and hardware are 287 described in detail in section 2.1.
288 Table 5 Table 5 . Processing time of each major routing taken in Raspberry Pi. This numbers are for a separation of 10 • between projection centers of each of the catalog segments stored in memory. it uses two common astronomy open software to perform the process: Source Extractor and Match.
Process Average Time (s) Standard Deviation (s)
304
The system described in section 2.2 has 3 major steps (see Figure 4) . First it takes a picture and Star Tracker 1 (NST-1) from TY-Space, our system has a similar accuracy (although the optics and 315 mechanics has not been yet evaluated in a hostaile environment) but the processing time still has to 316 be improved.
317
To achieve this result, the following design decisions were made as the work evolved: 
352
Although the platform is fully described and tested at ground conditions, it is a first
353
approximation to a open star tracker platform, and it can be subjected to further optimizations.
354
For instance, it is necessary to include environmental considerations to to the system. Error of the 355 optics has to be quantified and corrected [24] . In addition, the environmental conditions will add 
361
• To reduce the exposure time of the photo. To achieve this, the optics of the system might need 362 improvement [24] .
363
• To optimize the way in which the attached programs (SExtractor and Match) are used. It is 364 necessary to introduce improvements in the way these programs operate, avoiding repetition 365 of tasks that only need to be executed once. FONDECYT 1151476. Also, we thank Tomás Opazo for assistance with Raspberry Pi programming.
371
Author Contributions: The work presented in this paper was carried out between the 3 authors. S.G.
372
programmed the Star Tracker in the Raspberry Pi using Python and performed the night sky measurements. 
